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Autoimmune tubulointerstitial nephritis (TIN) can beEffect of acute iNOS inhibition on glomerular function in tubu-
induced experimentally by immunizing susceptible strainslointerstitial nephritis.
of rodents with renal tubular antigen in complete Freund’sBackground. Tubulointerstitial nephritis (TIN) is character-
ized by progressive inflammatory infiltrate of the renal intersti- adjuvant [1, 2]. This model is characterized by an initial
tium, induction of cortical tubular inducible nitric oxide syn- interstitial infiltrate of polymorphonuclear cells (PMNs)
thase (iNOS) and reductions in glomerular filtration rate coincident with anti-tubular membrane (TBM) antibody
(GFR). These studies were designed to examine the changes
and complement deposition at 7 to 10 days following im-in glomerular hemodynamics 7 and 21 days after induction of
munization. By day 13, the PMNs are replaced by a mono-TIN and to evaluate the effect of acute iNOS blockade on
glomerular function in the early stages of this model. nuclear infiltrate composed of B cells, T lymphocytes and
Methods. TIN was induced by immunizing Brown Norway monocytes. Monocyte infiltration increases to constitute
rats with renal tubular antigen in complete Freund’s adjuvant nearly 50% of the infiltrate during the chronic phase.
(RTA/CFA). Control rats were immunized with CFA alone.
This model of TIN in the rat has been well characterizedMicropuncture and morphologic studies were performed 7 and
regarding the immune mechanisms responsible for the21 days after immunization.
Results. Histology revealed minimal peritubular and inter- development of the disease, but very little is known about
stitial inflammation in the RTA/CFA group one week after how the interstitial inflammation elicits a decrease in
immunization while extensive interstitial inflammation with glomerular filtration rate (GFR). The reduction in GFR
few preserved superficial nephron was observed three weeks
could be a consequence of (1) anatomical alterationsafter RTA/CFA immunization. Micropuncture studies on day
secondary to the interstitial infiltrate leading to perturba-7 in the RTA/CFA group revealed a significant reduction in
single nephron GFR due to a profound reduction in nephron tions in glomerular and tubular pressures and flows, or (2)
plasma flow and in the ultrafiltration coefficient. Studies per- secondary to the presence of large amounts of vasoactive
formed on day 21 revealed that single nephron GFR (SNGFR), mediators generated by the interstitial infiltrate inducing
nephron plasma flow (SNPF) and the ultrafiltration coefficient
functional alterations in the glomerular hemodynamichad returned to the normal baseline value despite the severe
process [3]. Recent evidence from our laboratory hasreduction in GFR. To assess the role of increased nitric oxide
production secondary to iNOS induction on the glomerular added nitric oxide (NO) as another important mediator
hemodynamic changes observed in the early stages of the dis- generated in TIN [4]. These studies demonstrate that
ease, the iNOS blocker (l-N6-iminoethyl lysine, L-NIL) was immunization with renal tubular antigen is associated with
administered IV (1 mg/h) in RTA/CFA rats and CFA rats.
large increases in NO activity as indexed by increasedL-NIL had no effect in CFA rats but produced significant
plasma and urinary levels of nitrates and nitrites. Theincreases in GFR, SNGFR and SNPF in RTA/CFA rats.
Conclusions. These results demonstrate that TIN is associ- increase in NO metabolites is evident by one week after
ated with a progressive reduction in GFR, which is likely the immunization; this persists for many weeks and can be
result of functional vasoconstriction and decreases in the ultra- blocked with the administration of the selective inducible
filtration coefficient in the early stages of the disease and on
nitric oxide synthase (iNOS) inhibitor l-N6-(1-iminoethyl)a significant reduction in the number of functioning nephron
lysine (L-NIL). Studies intended to characterize the sourcein the later stages. Induction of iNOS with increased NO pro-
duction actively participates in the functional changes observed of this increased in NO activity revealed the presence of
in the early stages of the disease most likely by inhibiting large quantities of inducible nitric oxide synthase (iNOS)
normal endothelial NOS activity. in cortical tubular segments in areas uninvolved by mono-
nuclear cell infiltrates. Increased NO generation in TIN
subserves a critical role as an immune modulator sinceKey words: iNOS, tubulointerstitial nephritis, glomerular hemody-
namics, inflammation, renal interstitium. chronic administration of an iNOS selective blocker
skewed the immune response to a T helper-1 (Th1)-like 2002 by the International Society of Nephrology
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response with a worsening interstitial infiltrate leading collections from the femoral artery for measurement of
afferent protein concentration (CA). Five timed tubularto significant functional deterioration.
Increased activity of iNOS has been associated with fluid collections were randomly obtained. In all the stud-
ies, urine was collected in preweighed containers undersignificant reductions in GFR in two different model of
renal injury including ischemic acute renal failure and oil, and periodic plasma samples were obtained for [3H]-
inulin concentration to compute whole kidney GFR andlipopolysaccharide (LPS) induced sepsis [5, 6]. In both
experimental conditions, iNOS inhibition with either se- SNGFR. Single nephron plasma flow (SNPF), afferent
arteriolar resistance (AR), efferent arteriolar resistancelective blockers (L-NIL) [7] or antisense oligonucleo-
tides was associated with significant improvement in (ER), oncotic pressure (), the glomerular ultrafiltra-
GFR, suggesting that increased iNOS activity may be tion coefficient (LpA) were calculated as previously de-
directly responsible for altering glomerular hemodynam- scribed [8, 9].
ics and reducing GFR. Micropuncture and morphologic studies 7 days and 21
The present studies were designed to evaluate the days after immunization. Three groups of rats were stud-
mechanism by which TIN reduces GFR by examining ied: Group CFA (N 5) consisted of Brown Norway rats
the changes in glomerular hemodynamics 7 and 21 days immunized with CFA alone that were micropunctured 7
after immunization and to investigate the role of in- days after administration of CFA. Group RTA/CFA7
creased iNOS activity as one of the mechanisms responsi- (N  7) was also micropunctured on day 7, but was im-
ble for the changes in glomerular function in the early munized with RTA/CFA. Group RTA/CFA21 (N  8)
stages (10 days) of the disease. was submitted to micropuncture 21 days after RTA/CFA
administration.
At completion of the micropuncture study, the left kid-METHODS
ney was excised and sagittally bisected and coded for his-The experiments were performed on male Brown Nor-
tologic examination. The kidneys were stained with he-way rats (Harlan Laboratories, Indianapolis, IN, USA).
matoxylin and eosin. Multiple 5-m longitudinal sectionsRats were immunized with 0.75 mL of complete Freund’s
were examined in a group-blind fashion and gradedadjuvant (CFA) or CFA plus renal tubular antigen
according to the extent of the cortical involvement on a(RTA/CFA) [4]. CFA and RTA/CFA were administered
scale 0 to 4 based on the following criteria: Grade 0–1 in one foot pad and subcutaneously in three different
less than 10%, Grade 1–2  10 to 25%; Grade 2–3  26locations (axilla and groin). For the preparation of the
to 50%; Grade 3–4  51 to 75%; and Grade 4  greaterantigen, rabbit renal tubular basement membrane was
than 75%.isolated by a differential sieving technique. Highly en-
Effects of acute iNOS blockade with L-NIL adminis-riched basement membrane fragments were lyophilized
tration. To test the effects of acute iNOS blockade withand stored at 70C. Purified protein derivative (PPD)
L-NIL on glomerular hemodynamics, one group of CFAand RTA were emulsified at 4 mg/mL of each antigen
rats and one group of RTA/CFA rats underwent a two-in a 1:1 mix of phosphate-buffered saline (PBS) and
period [baseline (BAS) and L-NIL] micropuncture studyincomplete Freund’s adjuvant. Each rat was immunized
10 days after immunization. After completion of BASwith a total of 3 mg of each antigen.
measurements, rats received L-NIL 1 mg/h dissolved in
Micropuncture protocol the NaCl-NaHCO3 solution. After a period of 40 minutes
of equilibration, a new set of measurements was obtained.The rats were anesthetized with Inactin (BYK, Kon-
stanz, Germany) (10 mg/100 g body weight IP) and surgi-
Statisticscally prepared as previously described in our laboratory
The Student t test and ANOVA with Bonferroni cor-[8, 9]. During all studies, the rats received two infusions
rection for multiple groups were utilized. The level ofof NaCl-NaHCO3 solution, one containing [3H]-inulin at
statistical significance was defined as P  0.05. All re-a rate of 80 Ci/h in a volume of 0.8 mL/h and the other
sults are expressed as means  SEM.infusion was given at 1.4 mL/h for a total rate of 2.2 mL/h.
Both solutions were initiated at the end of the surgical
preparation and were maintained throughout the experi- RESULTS
ment. Hydrostatic pressures in tubules in free flow (PT)
Micropuncture and histologic studies 7 and 21 daysand stop flow condition (SFP), and efferent arterioles
after immunization(HPE) were measured with a glass micropipette in series
with a servo-nulling pressure measurement device (IPM, Histologic examination of the group CFA demonstrated
no abnormalities and received a score of zero. The kid-Inc., San Diego, CA, USA) as previously described [8, 9].
Efferent arteriolar blood samples for determination of neys of group RTA/CFA7 showed focal areas of peritu-
bular inflammation with a mixed polymorphonuclear andefferent protein concentration (CE) were collected with
glass micropipettes and these were bracketed by two mononuclear cell infiltrate. In those areas showing early
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Table 1. Micropuncture results in CFA, RTA/CFA7 and RTA/CFA 21
SNGFR SNPF AR ER
MAP Hct GFR P LpA
mm Hg % mL/min nL/min mm Hg 109 dyn · s · cm5 nL/s · mm Hg
CFA 1092 481 1.10.1 271 752 332 362 222 0.060.01
RTA/CFA7 1149 471 0.50.1c 131c 485c 332 7312c 428c 0.020.01c
RTA/CFA21 974a 391a 0.20.1c 273b 10213b 271a 295b 163b 0.10.02b
Abbreviations are: CFA, complete Freund’s adjuvant; RTA, renal tubular antigen; MAP, mean arterial pressure; Hct, hematocrit; GFR, glomerular filtration rate;
SNGFR, single nephron glomerular filtration rate; P, transcapillary hydrostatic pressure gradient; AR, arteriolar resistance; ER, efferent arteriolar resistance; LpA,
glomerular ultrafiltration coefficient.
a P  0.05 vs. CFA and RTA/CFA7
b P  0.05 vs. RTA/CFA7
c P  0.05 vs. CFA
Table 2. Effect of L-NIL administration in CFA and RTA/CFA rats 10 days after immunization
SNGFR SNPF AR ER
MAP Hct GFR P LpA
mm Hg % mL/min nL/min mm Hg 109 dyn · s · cm5 nL/s · mm Hg
CFA/BAS 1085 481 0.730.04 211 754 331 402 242 0.050.01
CFA/L-NIL 1054 471 0.900.1 231 806 341 382 222 0.040.01
RTA/BAS 1007 471 0.120.2b 133b 4412b 332 7325b 5615b 0.020.01b
RTA/L-NIL 1006 461 0.30.2ab 193a 6016a 371a 5217a 4510ab 0.020.01
a P  0.05 vs. BAS
b P  0.05 vs. CFA same period
involvement, the peritubular mononuclear infiltrate was surements of single nephron function revealed values of
SNGFR, SNPF, SNBF, AR, ER and LpA not differentpresent in a “single file” pattern between tubules with no
evidence of tubular cell drop out or alterations in cortical from CFA and significantly higher that RTA/CFA7. In-
terestingly, the P values in this group were significantlyarchitecture. Some glomerular displayed occasional PMNs.
Cortical involvement was estimated to be less than 25% lower than CFA and RTA/CFA7 most likely as a conse-
quence of the reduction in systemic blood pressure.with a histologic score of 0.7  0.3. By 3 weeks after
immunization (RTA/CFA21) cortical involvement was
Effect of acute L-NIL administration on glomerularpredictably widespread with expanded mononuclear cell
hemodynamics in CFA rats and RTA/CFA 10 daysinfiltrates, occasional giant cells and a loss of the normal
after immunizationinterstitial architecture leading to significantly higher
score of 3.9  0.1. The glomeruli in this group were Table 2 presents the results of the glomerular hemody-
otherwise normal by light microcopy. namic measurements in CFA and RTA/CFA rats under
Table 1 presents the results of the micropuncture stud- baseline conditions and during L-NIL infusion. Signifi-
ies in CFA, RTA/CFA7 and RTA/CFA21. Significant cant differences in GFR, SNGFR, SNPF, AR and ER
differences were found between CFA and RTA/CFA7. and LpA were observed in baseline conditions when
In spite of the absence of significant morphologic dam- CFA and RTA/CFA groups were compared. These dif-
age, GFR and SNGFR were significantly reduced in RTA/ ferences were similar to the ones observed in Table 1.
CFA7 when compared to CFA. The reduction in SNGFR Infusion of L-NIL did not produce any significant
was a consequence of significant reductions in SNPF changes in CFA rats. In contrast, L-NIL administration
and LpA. The decrease in SNPF was secondary to a in RTA/CFA rats was associated with significant in-
significant increase in both afferent and efferent arterio- creases in GFR, SNGFR and SNPF. The increase in
lar resistances. No significant difference was observed SNPF was secondary to significant reductions in both
in the transcapillary hydrostatic pressure gradient (P). AR and ER. A predominant effect of L-NIL on AR over
Mild but significant reductions were observed in afferent ER led to a significant increase in P. The ultrafiltration
and efferent protein concentration in RTA/CFA7 when coefficient LpA remained unchanged.
compared to CFA (4.5 0.1 vs. 5.1 0.1 g/dL and 6.6
0.3 vs. 7.9  0.2 g/dL afferent and efferent arterioles,
DISCUSSIONrespectively) and to RTA/CFA21 (5.2  0.2 and 7.0 
0.2 g/dL, respectively). The results of the present study provide new and im-
portant information regarding the mechanism responsi-Severe morphologic damage in RTA/CFA21 was asso-
ciated with reductions in blood pressure, hematocrit and ble for the reduction in GFR in a model of TIN. Our
study demonstrates that over a three week period, TINfurther reduction in GFR. Due to extensive surface dam-
age, micropuncture measurements were limited to areas is associated with a progressive and rapid decrease in
renal function. One week after immunization, histologyof viable nephrons (5 to 8 nephrons in most rats). Mea-
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revealed early periglomerular and mononuclear cell in- In conclusion, based on the present studies and previ-
filtration without loss of architecture or evidence of fi- ous observation for our laboratory, we have demonstrated
brosis. In spite of these mild histologic changes, SNGFR that induction of TIN is associated with progressive renal
was decreased by 52%, suggesting a functional basis to failure. Early stages of this model are characterized by
explain the reduction in glomerular function. In contrast, functional reductions in GFR while significant nephron
three weeks after immunization, the histology showed loss explains the reduction in GFR in the later stages.
severe involvement of a significant percentage of the Induction of iNOS and increased production of NO has
cortex although small areas remained well preserved, two somewhat different effects in this model. While in-
suggesting that loss of functioning nephrons constitutes creased levels of NO play a major role in producing
the major cause for the reduction in GFR in the later vasoconstriction in the early stages, continuous high NO
stages of this model. Analysis of the function in the generation has a dominant effect as a regulator of the
surviving nephrons provided interesting and rather unex- immune response.
pected findings. The reduction in SNPF and LpA present
one week after immunization was replaced by normal
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